Abstract. Estimation of the retention and unsaturated hydraulic conductivity functions is essential to effectively provide input for water flow and transport simulation and prediction. A parameter optimization procedure is shown as a promising tool to estimate inversely these hydraulic function parameters from transient soil matric potential and cumulative soil solution extraction measurements. Sensitivity analyses from synthetic data generated from forward numerical model simulations showed that optimum tensiometer locations will depend on soil type. Experiments were carried out in both a laboratory column (Columbia sandy loam) and in the field (Yolo silt loam). In both cases a series of vacuum extraction pressures was applied to a ceramic soil solution sampler, and cumulative soil solution extraction volume and matric potentials at various positions near the extraction device were monitored as the soil solution was extracted. In the laboratory a zero-flux boundary condition was maintained at the bottom of the column, whereas matric potential measurements were used in the field to define the lower boundary. In both the field and laboratory experiments, flow at the upper boundary was zero. Cumulative extraction volume and matric potential data were included in the objective function to be minimized to estimate the hydraulic function parameters. We determined that the optimized solution was sensitive to the contact between the ceramic ring and the surrounding soil. By also optimizing the hydraulic resistance of the ceramic ring of the extraction device, optimization improved the fit between measured and optimized flow variables. Comparison of the optimized with the independently measured hydraulic functions indicated that the in situ estimation using a multistep extraction procedure can provide accurate soil hydraulic data.
Introduction
As the concern for a safe, clean environment and high groundwater quality increases, the importance of an accurate soil physical description of the combined unsaturatedsaturated porous system is increasingly recognized in the fields of environmental engineering and groundwater hydrology. Moreover, accurate soil physical data is required for the suite of increasingly available agrohydrological simulation models and in the modeling of land surface processes to simulate the exchange of sensible and latent heat between the soil and atmosphere. With this wider interest the spatial scale of interest has shifted to larger dimensions. Soil hydraulic and transport characterization is needed for soil-water systems as large as a watershed and for depths extending from the rooting zone to the groundwater. This trend in larger spatial scales brings with it the need to consider soil heterogeneity within the considered system. Therefore methodologies need to be devel-Although the application of the inverse approach to the outflow method appeared promising, problems were encountered with the nonuniqueness of the optimized parameters [van Dam, 1990] . Nonuniqueness leads to more than one set of parameters, yielding minimum values for the objective function determined by local minima, or by the same global minimum at more than one point in the parameter space [Carrera and Neuman, 1986b] . The study of nonuniqueness problems has lead to many investigations on the type of experiments, and the measured flow variables that need to be included in the objective function. Kool et al. [1985] and Parker et al. [1985] were the first to apply the inverse approach by numerical solution of the Richards equation for a transient one-step outflow experiment. They concluded that uniqueness problems were minimized if the experiment were designed to cover a wide range in water contents. Kool and Parker [1988] discussed the advantage of including tensiometric data simultaneously with the outflow measurements in the inverse approach from a hypothetical infiltration and redistribution experiment. In addition, the analysis of the objective function by Toorman et al. [1992] indicated that uniqueness problems were minimized if soil water pressure head data were included in the objective function of a transient one-step outflow experiment. To circumvent the need for additional soil water pressure measurements in the outflow experiment, van Dam et al. [1994] conducted outflow experiments in which the pneumatic pressure was increased in several smaller steps. Their work for a loam soil showed that the outflow data of a multistep experiment contain sufficient information for unique estimates of the soil hydraulic functions. The experimental work by Eching and Hopmans [1993] and Eching et al. [1994] showed how the multistep method, in combination with automated soil water pressure measurements during drainage of the soil core, resulted in unique parameter values for the optimized soil hydraulic functions for four different textured soils.
The most recent applications of the parameter optimization approach for the estimation of soil hydraulic properties include two-dimensional hypothetical experiments and flow simulations. For example, 3imunek and van Genuchten [1996] demonstrated that tension disc permeameter experiments complemented with soil matric potential data guarantee numerical convergence and uniqueness of the optimized parameters. In their subsequent study, 3imunek and van Genuchten [1997] showed that additional soil matric potential data are not needed, provided the infiltration experiment is carried out with several consecutive tensions and the initial and final water contents below the tension disc are known. Gribb [1996] used hypothetical infiltration data from a modified conepenetrometer to indirectly estimate the soil hydraulic functions. The cone-shaped device included a porous filter near the cone through which water was injected in the unsaturated soil, and two tensiometer rings above the filter. As the volume of infiltrated water is monitored, the soil water matric potential response was measured by the two tensiometer rings.
While a majority of applications of the parameter estimation technique was only for laboratory studies, the objective of this paper is mainly to demonstrate the potential application of soil water extraction method to estimate soil water retention and unsaturated hydraulic conductivity parameters in the field. The feasibility of the vacuum extraction technique is first demonstrated from numerically generated data. Subsequently, the parameter estimation technique was applied to laboratory and in situ field data.
Materials and Methods

Water Flow Theory
The proposed method is based on the premise that the soil's hydraulic properties can be estimated from the measurement of extracted soil water volume and soil water potential values at various locations as a function of time. This is done by applying a number of vacuum increments to a ceramic soil water extraction device. Although the experiments will occur spatially in three dimensions, we can assume axial symmetry for isotropic soils, which reduces the Richards equation to two dimensions, which for a rigid porous media can be written as Boundary and initial conditions for which (1) was solved are dependent on the specific experiment, but they can be generally defined as h(r, z, t) = hi(z) t = to, 0 < r < R 
Parameter Optimization
Parameters in (6)-(8) were estimated from maximization of the log likelihood function [Bard, 1974] , which includes differences between the observed and predicted flow variables. Assuming measurement errors to be independent with zero mean, the parameter optimization procedure is equivalent to minimization of a weighted, least squares problem, which is cast in an objective function, OF ( and •imunek and van Genuchten [1996] . It suffices to state that the Levenberg-Marquardt method is a standard method in nonlinear least squares fitting which, in addition to the sum of squared residuals of (9), also provides confidence intervals for the optimized parameters.
Sensitivity Coefficients
An experiment must be designed such that direct information is available for the least sensitive parameters, thereby eliminating them from the optimized parameter set or providing good initial well-constrained estimates. Choice of data type and their measurement in space and time should be based on a sensitivity analysis as well, so that their sensitivity to the Table 1 . The three soils represent a wide range in soil hydraulic properties, so that simulations for likely soil types could be evaluated from these data. As the initial condition, hydraulic equilibrium was assumed with a soil water potential of 0 cm at the bottom of the soil column, corresponding with a soil water potential of -24.3 cm at the soil surface. The following vacuum steps were applied to the extraction device: h ex = --30 cm (0 < t < 60 h), h ex = -60 cm (60 < t < 120 h), h ex = -120 cm (120 < t < 240 h), hex = -240 cm (240 < t < 360 h), and h ex = -480 cm (360 < t < 600 h).
Soil matric potential at the three hypothetical locations (h •, h2, and h3; or qj, j = 1, 2, and 3 in (9)) and cumulative extraction volume (Q, q4 in (9)) were simulated for these soil types for the given initial and boundary conditions. In the next step the parameters a, n, 0r, and Ks were optimized from discrete values of the simulated Q-and soil matric potential values h • through h 3 by inverse solution using identical initial and boundary conditions. The saturated water content, 0s, was assumed to be known. The soil water retention function was independently determined from a multistep outflow experiment [Eching and Hopmans, 1993] for the same soil with a slightly lower bulk density of 1.42 g cm -3. The soil was air dried and sieved, and a 216-cm 3 sample was packed in a 6.4-cm-diameter core. Subsequently, the soil was saturated with water in a Tempe pressure cell. Various air pressure increments were applied to drain the sample, during which the soil matric potential in the center of the core and total drainage volume was measured.
Field Experiment
A detailed overview of the field experiment is presented in Figure 3 . The field soil is a Yolo silt loam with an approximate Soil matric potential at the three hypothetical locations (h 1, h2, and h3; or qi, J = 1, 2, and 3 in (9)) and cumulative extraction volume (Q, q4 in (9)) were simulated for these soil types for the given initial and boundary conditions. In the next step the parameters a, n, 0r, and Ks were optimized from discrete values of the simulated Q-and soil matric potential values h • through h 3 by inverse solution using identical initial and boundary conditions. The saturated water content, 0s, was assumed to be known. A schematic of the laboratory experiment, which includes the burette assembly for vacuum extraction and the boundary conditions, is presented in Figure 2 . The soil used was a Columbia fine sandy loam. The soil was air dried, sieved through a 2-mm screen, and packed uniformly to a dry bulk density of 1.46 g/cm 3 in the soil column with porous plastic on the bottom. The soil was saturated from the bottom by applying a slight positive pressure to the water. After saturation, hydraulic equilibrium was established by applying a water potential of about 0 cm at the bottom of the column using a Mariotte device for 6 days. At this time, drainage rate was zero and tensiometer measurements indicated a zero total soil water While reducing the number of optimized parameters to three by fixing 0r to its true value, none of the sandy soil optimizations converged, whereas all the silt and loam optimizations converged to the true parameter values. These results show that reducing the number of free parameters increases uniqueness of the optimization problem, but at the same time can lead to ill-posed conditions. The results in Table 2 also show that the magnitude of the optimized Ks is proportional to a. Intuitively, this is clear as large a values correspond with coarser-textured soils of larger K s.
Parameter sensitivity for soil matric potential and extraction volume measurements and the dependence of parameter sensitivity on tensiometer position were determined for all parameters using (11) and (13). Sensitivity of the measurement type is optimal for maximum Is l values, and differences in sensitivity between parameters can be determined directly from comparison of s values. When comparing sensitivities to different parameters, one should recognize that the effect of a 1% change in one parameter of the soil hydraulic functions could be much different from that of the same 1% change of another parameter.
•imunek and van Genuchten [1996] showed that if the sensitivity of matric potential is estimated as a function of time during infiltration, parameter sensitivity is maximum when the time rate of change of soil matric potential is high.
For suction infiltrometer measurements this occurred when the wetting front passed the depth of the tensiometer location. It is therefore anticipated that the sensitivity of soil matric potential measurements will increase using step increments in vacuum (multistep extraction) rather than using a single vacuum step, since a multitude of vacuum increments create a series of periods with increased soil matric potential gradients near the extraction device. Figure 5 shows the sensitivity (s) (Equation (11)) of soil matric potential (h2) at r 2 (Figure 2 ) and cumulative extraction volume (Q) as a function of time for all optimized parameters for the loamy soil. When correcting for differences in absolute magnitude between Q and h, it becomes clear that the sensitivity of Q to any of the listed parameters is at least 5 times as large than the sensitivity of h. Figure 5 demonstrates that both cumulative extraction volumes and matric potentials are most sensitive to parameters a and n and least sensitive to 0r and Kce r. Since Ks, contrary to parameters a and n, can change several orders of magnitude, the sensitivity to its value is significant as well. Moreover, Figure 5 shows that the sensitivity to all parameters increases with time.
Since the sensitivity is related to the time-rate of change of the measured flow variable, it is expected that the largest time-averaged sensitivity (S) in (13a) be at the interface of the extraction device and the soil. However, this is not completely so since the applied vacuum solely controls soil matric potential at that interface. In all, we find that the maximum sensitivity is near the extractor-soil interface and that sensitivity decreases as the tensiometer is positioned at larger distances from the extractor (loam and sand). However, in some cases (silt), sensitivity was high in the whole upper part of the flow domain, which was attributed to the limited size of the flow domain. In this part of the flow domain, soil matric potential changes are partly caused by the zero flux boundary condition, rather than by the applied vacuum in the extractor. The spatial distribution of the time-averaged sensitivity of n is shown in Figure 6 for each of the three soils. Table 3 presents the time average and maximum sensitivity for all four parameters and three soil types. As was already anticipated from analysis of the parameter estimations, the parameter n is the most sensitive to the soil matric potential data, and Ks and 0r are the least sensitive. Surprising, however, is the overall low sensitivity of all parameters for the loam relative to that of the silt and sand, when considering the excellent parameter optimization results of the loamy soil (Table 2). Sensitivity, as calculated by (13), reflects the behavior of the objective function in the vicinity of the true parameter values, that is, near the global minimum. Therefore higher sensitivity means that the minimum is better defined and should be estimated with higher precision once the global minimum is identified. It does not, however, give any information about the other possible local minima in the objective function (e.g., for sand and silt) elsewhere in the entire parameter space.
Laboratory Experiment
The parameters of the soil hydraulic functions were optimized using the multistep extraction laboratory experiment. Three sets of initial parameter values were arbitrarily selected from Table 1 . For each set of optimizations, Table 4 includes the optimized parameter values as well as their uncertainty. The latter is determined from the main diagonal of the parameter covariance matrix, and is expressed by the normalized standard deviation (NSD), equal to the ratio of standard deviation and optimized parameter value. In this manner the uncertainties of the parameters can be evaluated by direct comparison of the NSD values. The objective function for this experiment included the water volume measurements at t o and tend, in addition to cumulative extraction volume and the matric potential values at the three tensiometer locations. Since no saturated water content value (0s) was available, its value was also optimized, bringing the total number of optimized parameters to five. However, since the volume of water present at t o was known and included in the OF, optimization of Os did not compromise the numerical inversion. For the first set of optimizations ("fixed Kcer"), the measured value of the ceramic conductivity, Kcer, was taken as a fixed parameter in the optimization. The results of the optimizations are presented in Figures 7a and 7b , and the corresponding optimized parameter values are listed in Table 4 . The contributions of cumulative extraction volume, soil matric potential at three positions combined, and soil water storage to the total value of the OF are listed separately in Table 5 .
We obtained very good agreement between measured and calculated cumulative extraction volumes for the fixed Kce r case (Figure 7a) . However, it is apparent from Figure 7b that impossible to estimate the contact area, Kce r was also included as a free parameter to be optimized. The results of these optimizations are listed as "fitted Kcer" in Table 4 . Instead of the measured value of 0.000834 cm h -•, its optimized value was only 0.00025 cm h -•. As a result of including gce r as an additional free parameter, the value of the OF (equation (9)) decreased from 0.0753 to 0.0503 (Table 5) , and parameter uncertainty as expressed by NSD (Table 4) Table 4 shows that the increase in the optimized K, value compensates for the corresponding reduction in Kce rThus the reduction in hydraulic contactsarea is artificially compensated for in the simulations by a decrease in the optimized soil's saturated hydraulic conductivity.
Close inspection of Table 5 shows that the type of weighting employed in our optimizations results in OF values that are dominated by soil matric potential measurements (72-98% of total OF value). However, it is not very clear how differences in weighting affects the OF value. For example, it is expected that deviations in soil matric potential values will increase if measurement or model errors are larger. Although we have some knowledge about measurement errors, the magnitude of the model error and its contribution to the OF is unknown.
Also, soil heterogeneity will increase deviations between measured and simulated soil water potential values (point measurements) since the model assumes a homogeneous soil, whereas cumulative extraction volume (whole domain measurement) is not affected by soil heterogeneity. Table 4 are given in hours and cm, respectively. The value for hlb at t o was --13.9 cm. The measured hydraulic head gradient of 1.0 cm/cm was used to estimate hi ( Table 6 (fitted Kcer). Using a Kce r of 0.000282, the fit for the field experiment was extremely good (Figures 9a  and 9b ), reducing the OF value with a factor of 6 (Table 6) . From the information included into the objective function, that is, the cumulative extracted volume and tensiometer readings, it is not possible to estimate simultaneously both 0r and Os, since these two parameters are fully correlated. It is possible either to fix one of these two parameters and to optimize the other or to optimize the water content interval/X 0 = Os -Or. Both approaches should result in similar results. We fixed Os at the independently measured value (0.560) and estimated Note from the parameter estimation results given in Table 6 that the water content interval A0 was small and equal to only 0.120 cm 3 cm -3. The water content interval between the initial water content and the water content corresponding to the measured soil mattic potential value at T• must have a close correspondence with the cumulative extracted volume. The small value of/X 0 was the result of the relatively small amount of water extracted during the experiment (only about 0.5 L).
The results in Table 6 also show the large uncertainty of the saturated hydraulic conductivity K s for which the value of NSD is always larger than 60%. The reduction of the optimized against measured hydraulic conductivities of the ceramic cylinder, K .... is similar for both laboratory and field experiments. The ratio between optimized Kce r and Kcer measured independently is 0.30 and 0.34 for the laboratory and field experiments, respectively. Kce r measurements were carried out while the ceramic was fully submerged in water. When similar measurements were performed in conductive saturated sand, the measured Kce r was significantly lower (0.000560 versus 0.0008334 cm h-•).
In addition to cumulative extraction volume and soil matric potential values at three locations, we also included the three independently measured O(h) points during the extraction experiment in the objective function. Inclusion of such information into the objective function breaks the mutual correlation of 0r and Os so that now both parameters can be estimated simultaneously. Figures 9c and 9d show the comparison between measured and calculated cumulative extraction volumes and tensiometer readings, respectively. The fit of experimental with fitted cumulative extraction volumes and matric potential values for T 2 and T 3 is similar to those for the previous optimizations (Figures 9a and 9b) . However, deviations between measured and fitted matric potential data for T• increased in the final extraction step. 
Summary and Conclusions
We have introduced a new method for estimating soil hydraulic parameters from a transient flow experiment. The experiment involves extraction of soil solution using successively We evaluated the feasibility of the vacuum extraction technique using numerically generated data. We concluded that the method is well suited for loamy-textured soils but not for sandy soils. This is because the matric potential response to the applied vacuum in the sandy soil is minimal. The success of the inversion procedure for the silt soil is dependent on initial parameter values. Parameter sensitivity analysis showed that the method is most sensitive to the shape parameters a and n and least sensitive to the residual water content 0r and the saturated hydraulic conductivity K s . The highest sensitivity of the measured soil matric potential head is close to the extraction device and decreases with increasing distance from the extractor. Therefore tensiometers should be located close to the ceramic ring where the extraction vacuum is applied.
The method was further tested under well-defined experimental conditions in a laboratory for a Columbia sandy loam. The objective function included the cumulative extraction volume, soil matric potential readings for three tensiometers, and the initial and final total water volumes in the soil sample. Parameter optimization was successful if the saturated hydraulic conductivity of the extractor (Kcer) was optimized simultaneously with the soil hydraulic parameters rather than assuming its independently measured value. We hypothesize that Kce r is changing during the extraction experiment because of reduction of hydraulic contact between the ceramic ring and the surrounding soil as the soil desaturates.
Finally, the multistep extraction method was tested in situ for a Yolo silt loam. Optimized soil water retention and unsaturated hydraulic conductivity data corresponded well with independent estimates obtained from the instantaneous profile method in the same experimental plot. However, care should be taken in extrapolating the optimized hydraulic functions beyond the water content range for which the experimental data were obtained.
The problem of hydraulic contact between the ceramic membrane and the surrounding soil is of critical importance for further applications of the extraction method. From our analysis it appears that although we took great care to assure hydraulic contact when installing the extraction device, hydraulic contact was reduced during soil water extraction, thereby affecting the optimization results. To overcome this problem, improved devices such as those presented by Shani and Or [1995] , which guarantee hydraulic contact with the surrounding soil throughout the duration of the extraction experiment, need to be developed. Moreover, similar to the experiments by Gribb [1996] , the experimental procedure would be greatly simplified if the tensiometers and extraction device were combined into a single probe.
